Abstract. Non-contact, non-intrusive photo-thermal radiometry (PTR) was used for monitoring the ion implantation of (ptype) industrial-grade silicon wafers. The silicon wafers were implanted with Boron in the dose range of Ixl0 ll -to-lxl0 16 ions/cm 2 at different implantation energies (10 keV-to-180 keV). The results indicated excellent sensitivity to the implantation doses and energies. This laser-based photothermal technique monitors harmonically photoexcited and recombining carriers and shows great potential advantages over existing methodologies for characterization of multiple semiconductor processes such as ion implantation and other device fabrication steps in the Si wafer processing industry.
INTRODUCTION
It is widely recognized that ion implantation is a critical process in the manufacturing of microelectronics. With the high cost of today's larger processed wafers, it is more critical than ever to verify implanter performance and keep processes under tighter control. Improved in-line process measurements to control active dopant implants and the accuracy and uniformity of the implantation dose are critical to integrated circuit performance and yield.
Recently, the evaluation of semiconductors by means of photothermal methods has attracted particular attention, owing to the non-destructive and non-contact character of these techniques. Among photothermal methods, laser photothermal radiometry (PTR) [1, 2] occupies an increasingly important position. In comparison with other photothermal techniques, PTR has been shown to possess distinct advantages, such as noncontact in-situ evaluation and optimal sensitivity to the electronic transport properties of the laser photoexcited material [3] . Using two information channels, the PTR amplitude and phase, signals obtained with a highly focused laser beam, and recently developed theoretical [4] and computational techniques [5] , one can also obtain electronic transport parameters of Si wafers, including the (medium-injection-level) carrier recombination lifetime, T, the photoexcited carrier ambipolar diffusion coefficient, the carrier diffusion length, L D , the front, Sf (and possible back, Sb) surface recombination velocity, as well as the thermal diffusivity, a.
MEASUREMENT SYSTEM
The schematic drawing of the system (PCR-100, Photothermal Diagnostics Inc.) used to perform the measurements on the industrial grade silicon wafers is shown in Fig. 1 . An intensity-modulated laser (532 nm) was used as the excitation source. The laser spot size of the exciting beam was 5 microns and controlled by using a reflective objective. The beam intensity at the surface of the sample was 40 mW. The excitation beam was modulated from 10 Hz to 100 kHz via an acousto-optic modulator (AOM). The infrared (IR) emission was collected by the same reflective objective and was focused onto a liquid-nitrogen-cooled HgCdTe (MCT) IR detector with spectral response between 2 and 12 jum. The silicon wafer was mounted on a X-Y automated stage for mapping purposes. The PTR signal from the amplifier was fed into a lock-in amplifier and was processed by a personal computer with appropriate analysis and control software. Physically, the signal generation process can be described as follows. Upon impinging on a semiconductor surface, an intensity-modulated laser beam simultaneously produces direct lattice heating due to absorption, as well as a modulation in the free photoexcited carrier density, provided the photon energy is greater than the bandgap energy. The modulated photoexcited free carrier density depends on the laser fluence and on the electronic properties of the material in the vicinity of the laser beam. If a wide-bandwidth IR detector, such as MCT, is focused on a laser photoexcited spot of the sample, a superposition of thermal and carrierrecombination-induced IR radiative emissions from the excited region, each with distinct spectral signatures, may be measured. Unlike conventional photoluminescence, this IR radiation is mainly due to the optical de-excitation of photoexcited carriers, with the simultaneous emission of an infrared photon within the blackbody (Planck) spectral range. In other words, each de-exciting carrier acts like a Planck radiator. The collected signal is the vector sum of this depth-integrated radiation, diffusely emitted by the photogenerated free-carrier plasma-wave density, plus the conventional modulated IR radiation (thermal wave), generated by direct heating due to lattice absorption of the incident laser radiation, and by delayed recombinationlifetime-controlled heating due to non-radiative deexcitations of carriers [4] . The signal dependence on the depth-integral of the carrier density provides an important diagnostic mechanism, which thus carries information on carrier diffusion and recombination mechanisms [6] . In typical-quality industrial Si wafers it turns out that the major advantage of PTR over other photothermal methods, is the almost complete domination over the thermal-wave response of the signal by the electronic carrier-wave component at all modulation frequencies (Hz to MHz) [3] . Therefore, PTR appears to be ideally suitable as a diagnostic technology in assessing the electronic quality of semiconductor substrates and processed wafers, with minimal interference from the thermal infrared response of the sample.
Ion Implantation Monitoring
It has been found that the PTR metrology is extremely sensitive to the damage introduced by ion implantation even at low doses and energies [7] . The changes on the thermoelectronic properties of p-type Silicon wafers implanted with 11B
+ were monitored as function of the implantation dose and energy. Fig. 2 shows the PTR amplitude (a) and phase (b) versus implantation dose of a p-Si wafer implanted with Boron at several energies (10-180 keV). These measurements were done in the carrier-wave dominated region (4.6 kHz).
The amplitude and phase signals from the implanted wafers were normalized to a non-implanted wafer. For implantation energies higher than 10 keV, common signal trends appear. As the implantation dose increases the amplitude signal decreases down to a minimum value (occurring at 10 15 ions/cm 2 for the 10, 25 and 50 keV curves) and then starts to increase fast up to the dose of 10 16 ions/cm 2 , with the exception being the 120 and 180 keV curves. In the case of the 180 keV curve no data above IxlO 14 ions/cm 2 was available. These features and the existence of a minimum in the amplitude can be understood in terms of the interplay between the free photo-excited carrier density-wave depletion and recombination into defect states with increasing defect density brought about by the increased ion-implantation dose on one hand, and the enhancement in the thermal infrared emission due to increasing absorption coefficient of the damaged lattice. These mechanisms are superposed on the physics of ion-implantation-induced damage configuration of the Si lattice, including implantation annealing at high doses. An insight as to the physical causes of the behaviour seen in Fig. 2 can be gleaned from similar trends reported for electrical conductivity measurements vs. fluences (ions/cm 2 ) on n-type Si samples implanted with 400 keV Si at room temperature [8] . Upon implantation, the conductivity decreases by several order of magnitude for fluences up to 10 13 ions/cm 2 . In this case the conductivity decrease has been attributed to dopant compensation by deep levels in the bandgap.
At fluences above 10 13 ions/cm 2 the conductivity starts to increase due to the formation of a buried amorphous layer at higher doses. FIGURE 2. Signal amplitude (a) and phase (b) for p-type silicon wafers implanted with Boron at various implantation energies in the free-carrier density-wave dominated region (4.6 kHz). The standard deviation for the amplitude and phase signals were 0.2% and 2% respectively.
It will be noted that the PTR phase signal curves did not show a minimum with dose, but rather a monotonic increase of phase lag, Fig. 2 . The monotonic phase lag increase with dose is due to the increase in thermal-wave contributions with decreasing free recombining carrierwave density as a result of increasing implantation dose. The thermal wave is much more localized near the material surface compared to the fast diffusing carrierwave. Therefore, the oscillation centroid (rms depth of carrier and thermal oscillations) moves closer to the surface with a concomitant increase in phase lag.
Transport Properties: Carrier Lifetime
The PTR signal can be written as follows,
Where S &(<*>) is the thermal contribution and S cw (co) is the carrier wave contribution to the total PTR signal. S cw ( (o) is a function of the electronic transport parameters of the semiconductor material. These are the recombination lifetime (i), the carrier diffusion coefficient (D), and the front and back surface recombination velocities (Sf, Sb). S t h(a>) is a function of the thermal transport properties of semiconductor materials i.e. thermal diffusivity and conductivity. A detailed theoretical model has been published elsewhere [4] . Fig. 3 shows the experimental results as a function of modulation frequency for boron-implanted wafers with various implantation doses (10 11 -10 14 ions/cm 2 ). As seen from the PTR amplitude, Fig. 3 (a) , the amplitude decreases monotonically with implantation dose up to approximately 5x10 14 cm"
2
. This is consistent with the amplitude vs. dose curves, Fig. 2 (a) , for all energies under consideration. This decrease in the amplitude signal is due to the induced lattice damage. The normalized phase vs. modulation frequency results, Fig. 3 (b) , also showed a trend similar to Fig. 2 (b) at frequencies below 10 kHz. The experimental results in Fig. 3 were used to obtain the best theoretical fits using Eq. (1) and expressions derived from three-dimensional thermal-wave and carrier-density-wave theory [4, 6] . The transport properties (recombination lifetime and surface recombination velocities) for these wafers were determined from this procedure. The results are shown on Fig. 4 for several implantation doses. /s, respectively. It was found that the recombination lifetime decreases monotonically as the implantation dose increases. This is consistent with the carrier-wave signal decrease due to the lattice damage induced by the implantation. The front surface recombination velocity increases at the low doses and then decreases at higher doses. The trends shown in Fig. 4 are related to the fact that PTR measures the photoexcited carrier lifetime within layers on the order of the ac diffusion length in the semiconductor, L D (a>) = (Di/(l+i(OT)) 1/2 , where D is the ambipolar diffusivity. L D at frequencies < 100 kHz is much larger than the implantation layer thickness and thus the calculated lifetime is a hybrid of near surface and bulk recombination lifetimes. Thus, the value of T in implanted silicon wafers is affected by ion-implantation damage to the uppermost layer and as such, it constitutes a valuable measure of the effects of implantation on the local electronic transport properties of the wafer. It is these properties, with recombination lifetime as the major relevant parameter, which will ultimately affect the electrical behaviour of devices fabricated on the implanted surface. Therefore, Fig. 4 demonstrates the capability of PTR and PTD's PCR-100 instrument to monitor the dynamical nature of the implantation process through its effects on carrier recombination lifetimes.
CONCLUSIONS
Photothermal radiometry is a non-contact metrology which is sensitive to lattice damage induced by ion implantation, especially in the ultra-low and low implantation range, 10 10 -10 12 cm"
2
. The results reported in this work indicate that PTR can give quantitative results from implantation measurements. PTR can also be used to determine transport properties of silicon wafers such as recombination lifetime and surface recombination velocity. This new metrology from PTD Inc. has significant potential for multi step monitoring of the semiconductor manufacturing process.
